We investigated the effect of hypoxia on b-amyloid (Ab)-induced apoptosis in rat cultured hippocampal neurons. Ab (25 mM for 48 h) decreased the number of neuronal cells and increased the number of TUNEL-positive cells. Hypoxia (6 h) also decreased the number of neuronal cells, but did not increase the number of TUNEL-positive cells. Moreover, combined treatment with both Ab and hypoxia (Ab/ hypoxia) significantly enhanced the decrease in the number of neuronal cells and the increase in the number of TUNEL-positive cells. Z-Asp-CH2-DCB, an inhibitor of interleukin-1b-converting enzyme (ICE), or 6cyano-7-nitroquinoxaline-2,3-dione (CNQX), a non-N-methyl-D-aspartate (non-NMDA) receptor antagonist, decreased the number of TUNEL-positive cells with Ab /hypoxia. These findings suggest that ischemia or hypoxia is an important factor that facilitates the symptoms of Alzheimer's disease and that non-NMDA receptors are involved in the induction of apoptosis in patients suffering from both cerebrovascular disease and Alzheimer's disease.
Dementia is one of the main symptoms in Alzheimer's disease (AD). In patients with sporadic AD, it has been reported that dementia appears in the early stage and is enhanced if patients show cerebrovascular dysfunction such as stroke (1 -3) . A relationship between the mechanism of AD and cerebrovascular disease (CVD) has been demonstrated and characterized by low brain glucose levels and oxygen metabolism (4 -6) . Reduced blood flow in brain capillaries by ischemia would decrease the availability of glucose and other metabolic substrates in the brain, and this chronic mild ischemia might initiate and sustain some cascade of intracellular neuropathological events that underlie AD (7 -9) . Based on these findings, we considered that cerebral ischemia may be a big risk factor for dementia progression of AD.
A typical feature of AD is well known to be an accumulation of b-amyloid (Ab) in senile plaques (10, 11) . The distribution of Ab also correlates well with sites of neuronal damage that manifest as neurofibrillary tangles in brain regions such as the hippocampus that are particularly vulnerable in AD and CVD. The final stage of AD is the loss of brain neuronal cells and death. Recent reports have suggested that the loss of brain neuronal cells in AD is the result of apoptosis (12 -14) . The Ab is neurotoxic in cultured neurons (15 -17) , and neuronal death induced by Ab displays characteristics of apoptosis (18 -21) . Furthermore, caspases, the effectors of apoptosis, have been reported to be activated in neurons exposed to Ab, and inhibitors of caspases such as caspase-1 (interleukin-1b-converting enzyme, ICE) and caspase-3 suppressed Ab-induced cell death (22 -25) . The Ab also potentiates the toxicity of exogeneously added glutamate in cultured cortical neurons (26, 27) . Furthermore, increased Ab precursor protein (APP) and Ab levels have been noted in cerebral ischemia (28 -30) . On the other hand, hypoxia, which is a key feature of ischemia, is also known to induce apoptosis (31) . We used the hypoxic condition as a model of CVD. Hypoxia has also been reported to reduce intracellular pH and increase Ca 2+ concentration in cultured hippocampal neurons (32) . In the present study, considering AD patients with CVD, we investigated whether hypoxia enhances the Ab-induced apoptosis using primary cultures of rat hippocampal cells. We also investigated the effect of Z-Asp-CH 2 -DCB, an inhibitor of ICE, on Ab plus hypoxia (Ab/hypoxia)-induced apoptosis. Furthermore, we examined the involvement of glutamate receptors in Ab/hypoxia-induced apoptosis.
MATERIALS AND METHODS

Cell culture
Hippocampal cell cultures were established from 17day-old Wistar rat embryos as described previously (33) with some modification. Briefly, the cultures were suspended in basic medium (Neurobasal medium; Gibco, Rockville, MD, USA), 200 mM L-glutamine (Gibco), 30% glucose (Hayashi Pure Chemical Industries, Ltd., Osaka) and antibiotics (Pen /Strept., Gibco). The cells were seeded on a Lab-Tek Chamber Slide (Nalge Nunc Int., Rochester, NY, USA) coated with laminin (20 mg/ml) at a density of 1´10 5 cells per ml and incubated in 5% CO2 / 95% air at 37°C. After 24 h, the culture medium was changed to serum-free, B-27-supplemented Neurobasal medium. All of the experiments were performed in serum-free medium on days 6 -8 of culture.
Drugs and treatment
The active fragment of Ab-peptide (Ab25-35) was purchased from Anaspec Int. (San Jose, CA, USA), dissolved in sterile distilled water, and allowed to aggregate for 7 days at 37°C. After addition of Ab25-35, hypoxia was induced by rapidly replacing the medium with another culture medium that had been saturated with 95% N2 / 5% CO2 before adding Ab25-35. The culture slide was immediately placed in an incubator in which the atmosphere had been saturated with 95% N2 / 5% CO2 for 6 h. The cultured hippocampal neurons were exposed to Ab25-35 for 48 h. Z-Asp-CH 2 -DCB (Peptide Institute, Inc., Osaka), methyl-10,11-dihydro-5-H-dibenzocyclohepten-5,10-imine (MK-801) (RBI, Natick, MA, USA) and 6-cyano-7-nitroquinoxaline-2,3-dione (CNQX) (RBI) were dissolved in culture medium and added simultaneously with Ab treatment.
Assessment of apoptosis
The neuronal cells were immunostained using mouse anti-MAP2 monoclonal antibody (Chemicon, Temecula, CA, USA) and visualized by FITC using an immunofluorescence microscope. Apoptosis was determined by the TUNEL method using a TACS in situ kit (Trevigen, MD, USA). The reaction was visualized with 3,3'-diaminobenzidine (DAB). The cells were stained with 0.5% methyl green solution. Cultures prepared by the TUNEL method were examined for DNA fragmentation by light microscopy. TUNEL-positive cells were counted in five fields per well and averaged.
Statistical analyses
Data were expressed as the mean ± S.E.M. and evaluated for statistical significance with one-way ANOVA followed by Fisher's PLSD test when significant was detected. Data were analyzed by two-way ANOVA (2´2 factorial design table composed of 2 treatment groups´2 treatment groups) for detecting a significant effect of hypoxia and Ab [25] [26] [27] [28] [29] [30] [31] [32] [33] [34] [35] .
RESULTS
Effect of hypoxia on the Ab25-35-induced neurotoxicity in cultured rat hippocampal neurons
Either Ab the number of neuronal cells compared to that in case of treatment with Ab25-35 (25 m M) alone ( Fig. 2A ). Two-way ANOVA revealed a significant main effect due to hypoxia (F(1, 21) = 393, P<0.001) and Ab [25] [26] [27] [28] [29] [30] [31] [32] [33] [34] [35] (F(1, 21) = 537.02, P<0.001). Analysis also showed a significant hypoxiaÁ b25-35 interaction (F(1, 21) = 9.206, P<0.01) ( Fig. 2A ). [25] [26] [27] [28] [29] [30] [31] [32] [33] [34] [35] compared to that in case of treatment with Ab25-35 alone (Fig. 2B ). Two-way ANOVA revealed a significant main effect due to hypoxia (F(1, 27) = 9.378, P<0.01) and Ab [25] [26] [27] [28] [29] [30] [31] [32] [33] [34] [35] (F(1, 27) = 55.123, P<0.001). Analysis also showed significant hypoxia´Ab25-35 interaction (F(1, 27) = 4.677, P<0.05) (Fig. 2B ). Effect of Z-Asp-CH 2 -DCB on the apoptosis induced by Ab or Ab/hypoxia in cultured rat hippocampal neurons Z-Asp-CH2-DCB at concentrations of 100 mM significantly decreased the number of TUNEL-positive cells among Ab-treated cells (100 m M: 17.0 ± 2.5 cells /field, P<0.05 vs Ab25-35 alone) (Fig. 3A) . Moreover, Z-Asp-CH2-DCB at concentrations of 10 and 100 mM significantly decreased the number of TUNEL-positive cells among Ab/hypoxia-treated cells (10 mM: 34.9 ± 3.6 cells /field, P<0.01 vs Ab/hypoxia; 100 mM: 28.9 ± 3.1 cells /field, P<0.001 vs Ab/hypoxia) ( Fig. 3B ).
Effect of hypoxia on the
Effects of MK-801 and CNQX on the apoptosis induced by Ab/hypoxia in cultured rat hippocampal neurons
CNQX at a concentration of 10 m M significantly decreased the number of TUNEL-positive cells among Ab/hypoxia-treated cells (40.4 ± 0.7 cells /field, P<0.05 vs Ab/hypoxia) ( Figs. 4 and 5B ). MK-801 did not produce any changes in the number of TUNEL-positive cells (Fig. 5A) .
DISCUSSION
In the present study, we focused on brain apoptosis as an important phenomenon in AD, and found that hypoxia enhanced the decrease in the number of neuronal cells and the increase in the number of apoptotic cells induced by treatment of Ab in primary cultures of hippocampal neurons. CVD such as stroke is known to produce apoptosis-related delayed brain neuronal cell death, the main cause of CVD (34) . Apoptosis is also found in the brains of AD patients (12 -14) . Ab -induced apoptosis is found in cultured cortical neurons, which supports our present findings (16, 17, 20) . Furthermore, many reports have demonstrated that CVD may be an important risk factor that facilitates the symptoms of AD (1 -3). Thus, our present in vitro findings well correlate with phenomena that occur clinically. We consider that the Ab/hypoxia treated cell culture system can be used for AD research as one of the model cell systems of the disease.
We found that Ab-or Ab/hypoxia-induced apoptosis was attenuated by Z-Asp-CH2-DCB, an inhibitor of ICE. Caspases, the effectors of apoptosis, are activated in neurons exposed to Ab , and inhibitors of caspase such as Fig. 4 . Effect of CNQX on the apoptosis induced by Ab /hypoxia in cultured rat hippocampal neurons. The apoptotic nuclei were immunostained by the TUNEL method. The arrows indicate apoptic nuclei. A -D originally were magnified 200´. Scale bar, 10 mm. A: control cells. B: cells were exposed to 25 m M Ab [25] [26] [27] [28] [29] [30] [31] [32] [33] [34] [35] for 48 h. C: cells were exposed to Ab /hypoxia. D: cells were exposed to Ab/hypoxia + CNQX (10 m M). ICE and caspase-3 prevent Ab-induced cell death (22 -25) . ICE activity has also been reported to increase in homogenates of the hippocampus from AD patients compared with controls (24). Our findings, therefore, suggest at least involvement of ICE in Ab-and Ab/hypoxia-induced apoptosis in cultured hippocampal neurons. However, the protective effect of ICE was not complete. These findings suggest that other caspase-dependent or caspase-independent pathways may also be involved in the Ab/hypoxiainduced apoptosis.
To clarify what kind of glutamate receptor subtypes are involved in the apoptosis in our culture system, we used MK-801 and CNQX as typical N-methyl-D-aspartate (NMDA) and AMPA /KA (non-NMDA) receptor antagonists, respectively. We found that Ab/hypoxia-induced apoptosis was attenuated by CNQX but not by MK-801.
Thus, AMPA receptors are involved in the Ab/hypoxiainduced apoptosis. However, effect of CNQX was not complete. A previous study demonstrated that CNQX is not neuroprotective at relatively low (10 and 30 m M) concentrations, but attenuates hypoxia-induced neurotoxicity at the highest (100 mM) concentration (35) . Therefore, the effective dose (10 mM) of CNQX in the present study might not be a sufficient dose completely protect against Ab/hypoxia-induced apoptosis. In any case, the Ab/hypoxia-induced apoptosis was more sensitive to CNQX. These findings suggest that AMPA receptors play an important role in Ab/hypoxia-induced apoptosis. Chan et al. (24) reported that AMPA receptor subunits were selectively degraded in neurons undergoing apoptosis, finally suggesting that caspase activation played a role in the degradation of AMPA receptor subunits, especially in AD. Most principal neurons of the hippocampus express AMPA receptors that contain edited GluR2 and have low permeability to Ca 2+ (36) . Global ischemia induces downregulation of GluR2 mRNA and protein expression in vulnerable neurons before cell death (37) . An acute reduction in GluR2 expression leads to increased Ca 2+ permeability of AMPA receptors and enhances toxicity of endogenous glutamate (37) . AMPA receptor antagonists, but not NMDA receptor antagonists, protect against ischemia-induced neuronal death, even when administered many hours after a brief ischemic insult (38) . In addition, elevated intracellular Ca 2+ causes cell death, exhibiting a number of the hallmarks of apoptosis (39) . Thus, the delayed cell death after ischemia has been reported to be associated with a late influx of toxic amounts of Ca 2+ into vulnerable neurons, which may be mediated by Ca 2+ -permeable AMPA receptors. Moreover, it has been reported that intracerebral injection of GluR2 antisense induced delayed death of the hippocampal neurons and that CNQX and the Ca 2+ -permeable AMPA receptor channel blocker protected against GluR2 antisense-induced cell death (40) . In addition, hypoxia has also been reported to increase Ca 2+ concentration in cultured hippocampal neurons (32) . Based on these results, we can hypothesize that if a subtype of GluR2, which forms the AMPA receptor, is decreased by hypoxia and this decrease is further enhanced by co-treatment with Ab, the conformation of the AMPA receptor may change and excessive Ca 2+ may flow into cells, which could trigger a cascade reaction of apoptosis. On the other hand, CNQX may inhibit this mechanism by blocking the AMPA receptor.
It was reported that NMDA-or non-NMDA-receptor antagonist had no effect on Ab-induced neurotoxicity in human cortical culture (41) . We also found that apoptosis caused by Ab alone was not attenuated by MK-801 or CNQX (data not shown). These findings suggest that NMDA and AMPA receptors may be not involved in the Ab-induced apoptosis. Hypoxia-induced neuronal degen- eration has also been reported to be attenuated by either MK-801 or CNQX (35) . This finding suggests that activation of NMDA and AMPA receptors play a role in the hypoxia-induced neurotoxicity. In addition, Ab -induced apoptosis was attenuated by ICE inhibitor at higher concentration. Thus, we found that the effects of ICE inhibitor, MK-801 and CNQX, on the Ab/hypoxia-induced apoptosis differ from those of the same compounds on apoptosis caused by Ab alone. These findings suggest that the mechanism underlying Ab/hypoxia-induced apoptosis is not the same as that implicated in apoptosis caused by Ab alone.
In the present study, we found that hypoxia for 6 h caused the neurotoxicity, whereas it did not induce apoptosis yet. Hypoxia for 6 h has been reported to lead to delayed apoptotic neuronal death after 72 and 96 h but not 48 h (42) . These facts suggest that hypoxia for 6 h does not cause apoptosis after 48 h and that hypoxia-induced neurotoxicity is dependent on necrosis in this experiment.
In conclusion, Ab/hypoxia in hippocampal cultured cells may be a useful in vitro model for investigating the mechanism of apoptosis in AD patients with CVD. Furthermore, this cell model may also be useful for developing new drugs for the treatment of AD with CVD.
